Introduction {#S0001}
============

The metabolic syndrome (MetS) is a combination of metabolic conditions, comprising of elevated blood pressure, obesity, atherogenic dyslipidemia, and dysglycemia, associated with increased risk of type 2 diabetes and atherosclerotic cardiovascular disease.[@CIT0001],[@CIT0002] MetS is a recurrent public health problem with increasing prevalence during the last three decades, mainly due to the global spread of the Western lifestyle.[@CIT0003],[@CIT0004] Individuals with MetS are at high risk of developing chronic kidney disease (CKD), which is an independent risk factor for cardiovascular morbidity and mortality.[@CIT0005]--[@CIT0008] Also, one of the most frequent microvascular complications of diabetes is the diabetic nephropathy, which progresses to end-stage renal disease in one-third of patients with type 1 diabetes (T1DM) and 20% of the patients with type 2 diabetes (T2DM).[@CIT0009] Therefore, the prevention of renal alterations and/or CKD is critical to improve cardio-renal outcomes in MetS and diabetes patients. To develop a preventative strategy against CKD in these patients, it is essential to clarify renal alterations in MetS, including oxidative, inflammatory, and endothelial function status. However, these have not been yet thoroughly evaluated, and the mechanisms by which MetS may influence kidney dysfunction remain unclear.

Currently established therapeutic approaches for diabetic nephropathy are primarily antihypertensives that target the renin angiotensin aldosterone system, including angiotensin-converting enzyme inhibitors (iECA) and angiotensin II receptor blockers.[@CIT0010] These interventions appear to reduce or delay the proteinuria but do not prevent the establishment of end-stage renal disease.[@CIT0011],[@CIT0012] Therefore, the primary challenge is to identify pharmacological and non-pharmacological treatments that are able to prevent the progression of renal dysfunction.

Pyridoxamine (PM) is a vitamin B6 analog that exerts antiglycative effect. It has been proposed as supplementary approach in patients with renal diseases as it has demonstrated effectiveness in impairing the development of diabetic nephropathy, in both patients and experimental models of diabetes.[@CIT0011]--[@CIT0015] PM is effective in inhibiting advanced glycation end products (AGE) or advanced lipoxidation end products (ALE) formation from Amadori adducts by trapping pathogenic reactive carbonyl intermediates of AGE/ALE formation.[@CIT0016]--[@CIT0018] AGE/ALE are irreversible products expressed ubiquitously and overproduced in pathologies such as diabetes, CKD, Alzheimer disease, and non-alcoholic fatty liver disease.[@CIT0019]--[@CIT0022] Additionally, PM has anti-inflammatory, antioxidant, and metabolic effects, which makes it a promising candidate for the management of MetS related renal alterations.[@CIT0023] However, the effect of PM on renal endothelial dysfunction due to high-fat diet (HFD)-induced MetS remains unveiled.

Large number of associative studies between MetS and renal ED are available; however, a causal relationship between them is not proven.[@CIT0024] The major factors contributing to endothelial dysfunction and/or renal damage in MetS and related diseases are increases in oxidative stress and inflammatory cytokines which could be due to (a) enlargement of white adipose tissue;[@CIT0025]--[@CIT0027] (b) insulin resistance; (c) increase in TGL and FFA; (d) activation of AGE-RAGE axis;[@CIT0028] (e) increased angiotensin II production,[@CIT0029] and (f) hyperuricemia.[@CIT0030] Dissecting out the relative contribution of each of those mechanisms to MetS pathophysiology, however, is difficult. Since kidney endothelial dysfunction is a hallmark of MetS and has its physiopathology is not fully understood. Our study aims to investigate (a) selective inflammatory and pro-oxidant signaling pathways as possible participants in the physiopathology of MetS induced renal alterations and (b) whether PM treatment would exert renoprotective effects in renal endothelial dysfunction triggered by HFD consumption.

Materials and methods {#S0002}
=====================

Animals and experimental protocol {#S0002-S2001}
---------------------------------

Twenty male Wistar rats (4 weeks of age) from the central animal facility of the Oswaldo Cruz Foundation, Brazil were housed in standard cages in a controlled environment (22±1°C temperature and 12 hrs, light/dark). MetS was induced in 10 animals by 20 weeks of feeding with a HFD consisted of a standard rat diet modified to contain 30% fat (lard), 56% carbohydrate, and 14% protein (% g) ([Figure 1A](#F0001){ref-type="fig"}).[@CIT0020] The non-MetS control (CTL) animals received standard rat diet (n=10) for 20 weeks. For the study of PM effect on endothelial dysfunction, twenty-four (24) Wistar rats were used, divided into three experimental groups: the non-MetS CTL animals, which received standard rat diet for 28 weeks (n=8), the HFD untreated animals, which received HFD for 28 weeks and were treated with vehicle between weeks 20--28 (HFD, n=9), and treated HFD-fed animals, which received PM (60 mg/kg/day, by gavage) also between weeks 20--28 (HFD + PM, n=7) ([Figure 1B](#F0001){ref-type="fig"}). Rats were provided with diet and water ad libitum. Animals under anesthesia were subjected to laser speckle contrast imaging (LSCI) evaluations, and then subjected to euthanasia by cardiac puncture. Total blood and kidney samples were collected and aliquots were stored at −80°C until measurement. Rats in each dietary group were placed in metabolic balance cages (Nalgene; Nalge Company, Rochester, NY, USA) for 24-hr urine collection to measure microalbuminuria and urine volume. All experiments were conducted according to the internationally accepted principles for the Care and Use of Laboratory Animals. Experimental protocols were approved by the Oswaldo Cruz Foundation Animal Welfare Committee (CEUA license L-034/2016).Figure 1Schematic representation of the experimental protocol used in the present study to assess the effect of pyridoxamine (PM) treatment on endothelial function.**Abbreviations:** CTL, control; HFD, high-fat diet; PM, pyridoxamine.

Laser speckle contrast imaging (LSCI) {#S0002-S2002}
-------------------------------------

Kidney microvascular blood flow was measured by LSCI apparatus (Pericam PSI system, Perimed, Sweden).[@CIT0020],[@CIT0031] Overnight-fasted animals were anesthetized with ketamine (100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p). Body temperature was continuously measured and maintained at 37.5°C by placing the animals on an electric heating pad (Harvard Apparatus, MA, United States) which adjust the body temperature in response to measured rectal temperatures. Left Kidney was exposed to laser light system for continuous measurement of tissue perfusion. Acetylcholine (Ach)(100 µL, 10-1 M) was applied directly on the kidney surface after 5 mins of microcirculatory flux stabilization. Relative kidney blood flow was expressed as arbitrary perfusion units.

Oxidative stress parameters {#S0002-S2003}
---------------------------

Lipid peroxidation in the kidney was assessed by measuring thiobarbituric acid reactive species as previously described.[@CIT0020] Catalase activity was determined in the kidneys by measuring the enzymatic decomposition of hydrogen peroxide at 240 nm.[@CIT0020]

TNF-α and IL-1β measurements {#S0002-S2004}
----------------------------

TNF-α and IL-1β levels were measured in kidney samples with ELISA assay (R&D Systems, Minneapolis, USA).

Quantitative real-time polymerase chain reaction {#S0002-S2005}
------------------------------------------------

Total RNA was extracted from the kidney using RNeasy Mini Kit (Qiagen), and reverse-transcribed to cDNA using a high capacity cDNA reverse transcription Kit (Applied Biosystems). The primers used for PCR amplification are described in [Table 1](#T0001){ref-type="table"}. Real-time PCR was performed with the power SYBR Green PCR Master Mix (Applied Biosystems) using a 7500 real-time PCR system (Applied Biosystems). The expression of target genes was normalized to the expression of β-actin, and the ΔΔCt method was used for gene expression determination. Expressions of target genes are reported relative to endogenous beta-actin CTL. Table 1Primers used for PCR amplificationPrimerForwardReverseNADPH oxidase p47 subunit (N47)GTGAAGCCATCGAGGTCATTCCCCGCGGCTTCTAATCTGTEndothelial nitric oxide synthase (eNOS)GTATTTGATGCTCGGGACTGAGATTGCCTCGGTTTGTTGIL-6AATCTGCTCTGGTCTTCTTGGAGGTTGGATGGTCTTGGTCCTTAGVCAMGCGAAGGAAACTGGAGAAGACAACACATTAGGGACCGTGCAGTTCatalase (CAT)ACTCAGGTGCGGACATTCGGAGTTGTACTGGTCCAGAAGAGCCRAGECAGGGTCACAGAAACCGGATTCAGCTCTGCACGTTCCTbeta-actinCCACCCGCGAGTACAACCTTCTTGAAGCCGGCCTTGCACATGCC[^2]

Quantification of advanced glycation end products (AGE) {#S0002-S2006}
-------------------------------------------------------

Fluorescent AGEs were determined at an emission and excitation wavelength of 440 and 370 nm, respectively on a SpectraMax M5 ELISA Microplate Reader (Molecular Devices, CA, USA).[@CIT0032] AGE-specific fluorescence of the samples was measured at a protein concentration of 1 mg/mL and are expressed in AU compared with a native BSA solution (1 mg/mL, 0.1 N NaOH).

Statistical analysis {#S0002-S2007}
--------------------

Results are expressed as the mean ± standard deviation (SD) for each group. Statistical analyses were performed with the Prism package. Student's *t-*test was used for comparison of data of two groups. One-way ANOVA with Bonferroni\'s post hoc test were used to determine the differences among three or more groups. Differences were considered significant at *P*\<0.05.

Results {#S0003}
=======

Metabolic, hemodynamic, and biochemical characterization of HFD-induced MetS rats were previously published in Pereira et al.[@CIT0020] Presently, we observed that HFD induced small but statistically significant alteration in renal function, as shown by increased levels of serum creatinine and decreased urine volume ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}, respectively). The HFD-fed rats had higher serum uric acid levels than the CTL group ([Figure 2C](#F0002){ref-type="fig"}). However, biochemical analyses of 24-hr-urine did not show evidence of microalbuminuria (data not shown).Figure 2Renal function parameters in control (CTL) and HFD-fed rats (HFD/MetS) for 20 weeks. Serum creatinine (**A**), urinary volume (**B**), and serum uric acid (**C**). \**P*\<0.05 vs control.**Abbreviations:** CTL, control; HFD, high-fat diet; MetS, metabolic syndrome.

Evaluation of oxidative stress parameters showed that HFD-fed rats presented decreased catalase mRNA transcripts and catalase enzyme activity in comparison to CTL animals ([Figure 3A](#F0003){ref-type="fig"} and [C](#F0003){ref-type="fig"}, respectively). Analysis of NADPH gene expression or MDA content in kidneys revealed no differences between groups ([Figure 3B](#F0003){ref-type="fig"} and [D](#F0003){ref-type="fig"}, respectively).Figure 3Oxidative stress parameters in the kidney of control (CTL) and HFD-fed rats (HFD/MetS) for 20 weeks. Real-time PCR analyses of mRNA transcript levels of genes coding for catalase (**A**) and NADPH oxidase (**B**). Levels of malondialdehyde (MDA) indicating lipid peroxidation assessed by thiobarbituric acid reactive species (TBARs) (**C**) and catalase enzyme activity (**D**). \*\**P*\<0.01 vs control, \*\*\**P*\<0.001 vs control. For this analysis, at least six animals of each group were analyzed out of three independent experiments performed.**Abbreviations:** CTL, control; HFD, high-fat diet; MetS, metabolic syndrome; MDA, malondialdehyde; PCR, polymerase chain reaction; TBARs, thiobarbituric acid reactive species.

As shown in [Figure 4A](#F0004){ref-type="fig"}, kidneys of HFD-fed rats exhibited inflammation, as demonstrated by markedly increased IL-1β. No significant changes were observed between groups in TNF-α cytokine levels and IL-6 mRNA transcripts in kidneys ([Figure 4B](#F0004){ref-type="fig"} and [C](#F0004){ref-type="fig"}, respectively).Figure 4Inflammatory parameters assessed in the kidney of control group (CTL) and HFD-fed rats (HFD/MetS) for 20 weeks. Kidney levels of IL-1β and TNF-α (**A** and **B**, respectively) assessed by ELISA quantification and mRNA transcript levels of gene coding for IL-6 evaluated by RT-PCR (**C**). \**P*\<0.05 vs control.**Abbreviations:** CTL, control; HFD, high-fat diet; MetS, metabolic syndrome; RT-PCR, reverse transcription polymerase chain reaction.

In order to evaluate if kidneys of HFD-induced MetS rats presented endothelial dysfunction, the basal and % of change in kidney microvascular flux after Ach administration were compared between groups ([Figure 5](#F0005){ref-type="fig"}). As shown in [Figure 5A](#F0005){ref-type="fig"} and [C](#F0005){ref-type="fig"}, kidneys of HFD-fed or HFD/MetS PM-treated animals exhibited no significant differences in basal microvascular blood flow, irrespective of HFD duration. HFD-fed rats exhibited kidney endothelial dysfunction, as demonstrated by paradoxical vasoconstriction in response to Ach, while kidneys of control animals exhibited vasorelaxation at the same dose of Ach ([Figure 5B](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"}, 20 and 28 weeks of HFD, respectively). Importantly, kidney vasorelaxation was marked and significantly improved when rats were treated with PM ([Figure 5B](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"}, 20 and 28 weeks of HFD, respectively). Both eNOS and vascular cell adhesion molecule (VCAM) gene expression were not altered in the kidneys of HFD-induced MetS rats in comparison to CTLs ([Figure 5E](#F0005){ref-type="fig"} and [F](#F0005){ref-type="fig"}, respectively).Figure 5Kidney endothelial function of control group (CTL), HFD-induced MetS rats (HFD/MetS) and MetS rats treated with 60 mg/kg/day pyridoxamine (PM) during the last 8 weeks of HFD feeding. Laser speckle contrast imaging (LSCI) assessment of basal microvascular flux (**A** and **C**, 20 and 28 weeks of HFD, respectively) and percentage (%) of change in kidney microvascular flux after topic acetylcholine (Ach) administration (**B** and **D**, 20 and 28 weeks of HFD, respectively). Real-time PCR analyses of mRNA transcript levels of genes coding for eNOS (**E**) and VCAM (**F**). \*\**P*\<0.001, \*\*\**P*\<0.001 vs control and *P*\<0.001 vs HFD/MetS.**Abbreviations:** ach, acetylcholine; CTL, control; HFD, high-fat diet; LSCI, laser speckle contrast imaging; MetS, metabolic syndrome; PM, pyridoxamine.

The participation of AGE-RAGE axis was evaluated in kidneys of HFD-induced MetS rats, and we have observed that there was no difference in the kidney AGE content and RAGE mRNA expression between the groups ([Figure 6A](#F0006){ref-type="fig"} and [B](#F0006){ref-type="fig"}, respectively).Figure 6AGE deposition in the kidney assessed by fluorescent spectroscopy (**A**) and RAGE mRNA levels evaluated by RT-PCR in control (CTL) and HFD-induced MetS rats (HFD/MetS) for 20 weeks.**Abbreviations:** CTL, control; HFD, high-fat diet; MetS, metabolic syndrome; RT-PCR, reverse transcription polymerase chain reaction.

Discussion {#S0004}
==========

We have previously shown that Wistar rats fed a HFD for 20 weeks presented features of MetS, liver steatosis, and liver endothelial dysfunction.[@CIT0020] At present, we observed that HFD feeding induced paradoxical vasoconstriction in renal arteries at early-stages of renal disease, which to the best of our knowledge have not been previously explored. Paradoxical vasoconstriction, i.e., Ach mediated vasoconstriction, is a feature of patients with nonobstructive coronary atherosclerosis. It is believed that in atherosclerosis the lack of NO bioavailability triggers smooth muscle cell constriction leading to vasospasm in nonobstructive coronary arteries, which leads to myocardial infarction.[@CIT0033]--[@CIT0035] Classically, neutrophils and monocytes infiltrations, pro-inflammatory mediators as well as elevated oxidative stress are implicated the physiopathology of vascular damage,[@CIT0036] nonetheless, these cascades are still not proven participants of the paradoxical vasoconstriction phenomenon.

The increase in abdominal fat deposition, insulin resistance, and a pro-inflammatory and pro-oxidative environmental are well-accepted participants of the pathogenesis of endothelial dysfunction and contributes to the worsening of cardio-renal diseases.[@CIT0037] We demonstrated that HFD-induced MetS animals presented increased fat content and insulin resistance,[@CIT0020] as well as decreased antioxidant defense, evidenced by decrease in kidney catalase mRNA transcripts and activity, and increased pro-inflammatory cytokine IL-1β. The increase in the inflammatory mediator IL-1β in the kidneys is an indicator of tissue injury and danger signaling which triggers local and systemic inflammation through the activation of inflammasome.[@CIT0038] IL-1β has been implicated in the stimulation of leukocyte recruitment by activation of adhesion molecules, including intercellular adhesion molecule -1 and VCAM-1, which are implicated in the etiology of microcirculatory disturbances, finally leading to endothelial dysfunction.[@CIT0038]

Interestingly, despite having negligible changes in renal function, animals with MetS showed pronounced kidney microvascular endothelial dysfunction. Studies have shown that renal lesion (i.e., glomerulosclerosis) is present in obese patients with normal renal function evaluated by serum levels of plasma proteins, serum creatinine, and 24-hr proteinuria.[@CIT0039],[@CIT0040] Previously Pasarin et al, also showed the occurrence of endothelial dysfunction before the appearance of inflammation and fibrosis.[@CIT0041] In streptozotocin-induced diabetic rats, Maric-Bilkan and colleges showed that microvascular changes preceded decline in renal function.[@CIT0042] Therefore, endothelial dysfunction could be an early-stage manifestation of MetS and related diseases and could have a causal role in the development of organ failure and/or CKD.[@CIT0043]

Increases in AGE levels were not observed in the kidney of 20 weeks HFD-induced MetS rats. Since we have previously shown that serum and liver AGEs levels are increased in animals with MetS[@CIT0020] it is plausible to think that macrophages and kupffer cells from the liver are actively participating in AGEs detoxification, generating low molecular weight soluble peptides which are further excreted by the kidneys.[@CIT0028] Over time, the loss of capacity of AGE detoxification and increased production of different types of AGE lead to a self-perpetuating cycle of AGE formation and oxidative stress which progressively increase renal injury.[@CIT0044]

PM has been recently proposed as a supplementary approach in diabetic nephropathy, due to its effect on reducing serum creatinine and/or urinary albumin/creatinine ratio in initial diabetic nephropathy.[@CIT0012],[@CIT0014],[@CIT0015] The therapeutic effects of PM to revert the vascular complication in MetS presently shown do not seem to depend on AGE-RAGE modulation and could be due to its antioxidant and metabolic effects.[@CIT0015] Jain and Lim reported that PM inhibits protein glycation, superoxide production, and lipid peroxidation.[@CIT0045] Improvement of body weight gain and glucose intolerance in HFD C57BL6/J or diabetic KK-^Ay^/Ta mice was observed after PM treatment.[@CIT0046],[@CIT0047] Indeed, metabolic improvements associated with PM treatment in HFD-induced MetS rats were evidenced by our group including body weight (HFD 569.8 g±75.5 vs HFD + PM 492.7 g±31.6, *P*≤0.01), fasting blood glucose (HFD 5.1 mmol/L±0.6 vs HFD + PM 4.2 mmol/L±0.4, *P*≤0.01), and visceral fat recovery (HFD 18.8 g±5.1 vs HFD + PM 13.4±1.5, *P*≤0.05)(submitted paper). Mechanistically, the protective effect of PM could be due to increased expression of kidney and adipose tissue CD36, a receptor/transporter of fatty acids.[@CIT0047]

Our findings suggested that HFD-induced kidney microvascular dysfunction is an early manifestation of MetS and is related to antioxidant machinery defects and inflammation activation. Additionally, PM is a promissory agent in the management of MetS related kidney endothelial dysfunction, probably due to its metabolic and antioxidant effects. Our results reinforce the view that therapeutic strategies aimed at minimizing HFD-induced renal damage are especially necessary for MetS patients.
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